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(57) ABSTRACT 

A monitoring system is disclosed, which includes a base 
station and at least one sensor unit that is separate from the 
base station. The at least one sensor unit resides in a dormant 
state until it is awakened by the triggering of a vibration- 
sensitive switch. Once awakened, the sensor may take a mea- 
surement, and then transmit to the base station the measure- 
ment. Once data is transmitted from the sensor to the base 
station, the sensor may return to its dormant state. There may 
be various sensors for each base station and the various sen- 
sors may optionally measure different quantities, such as 
current, voltage, single-axis and/or three-axis magnetic 
fields. 

20 Claims, 5 Drawing Sheets 


Smart Instrument Sensor Units 
Full Bridge [ ^Torsignal strain j Transmit)er -y^ ! 


Base Station 




Receiver 

Microprocessor 

K 

(Receiver Controller) 


r 

1/4 Bridge 
Strain Gage 

Linear strain 



\ 

Microprocessor 

(Controller) 

iRegulatorl ! 
>tery] ; 

Receiver 

Microprocessor 
(Receiver Controller) 

1 p nr Wflkfi.. hh 


cr 




r 


Temperature 

iTransmitter'^'T' 



: I Cold Junction! 
: TC 

Microprocessor 

(Controller) 

iRegulator| ! 
>!ter»1 ; 

Receiver 

\V/ 

ft 

Microprocessor 
(Receiver Controller) 






Ball Valv es Cycles jTransmitterlil 


si r 


Magnetic _ M crocrccessor j p pn ,.i a | nr | 
Switch (Controller) 1 R egulator| 


r~ 


Receiver [J Microprocessor 
(Receiver Controller) 


0-10V 

or 

4-20mA 


LVDT Position |Transmitter , ft| 


1 nBatteryl 


Receiver 

Microprocessor 

ft / 

(Receiver Controller) 


Unused Receiver Slot 


Unused Receiver Slot 


Microprocessor 

fBase Station! 
{ Controller J 

Internal 

Memory 


Compact 
Flash card 
Controller 
f Removable 1 
l Card J 


Ethernet 

Communication 

Module 


Power 

AC 

and 

Battery Backup 


IRIG Interface 



U.S. Patent 


Dec. 31, 2013 


Sheet 1 of 5 


US 8,618,933 B2 


Smart Instrument Sensor Units 

FJBM j orsional s ' fr ainj Transmitter^ 
| Strain Gagef Microprocessor ; 


Base Station 


|PVDF Wake-Uph 


(Controller) 


f 1/4Bridge Linear strain Transmitter ft" ^ 
I Strain Gage j- Microprocessor l ^ atnr| : 
! rPVDFWakenjpH ! 


f Temperature' j ' Transmi t tfir ^ 

; I Cold Junction Microprocessor _| Reau | ator | ; 
I tc (Controller) ~7 9 uiai0 l 1 
^ iBatteryL ; 

r Ball Va lv es Cycles ~ R emitter ^ 

i w-Towys i 

L n Battery! ; 

•" ninw LVDT Position Transmitter 'a ^ 


Receiver |_| Microprocessor 
(Receiver Controller) 


Receiver M Microprocessor 

■rt' “ (Receiver Controller) 


Receiver M Microprocessor 

'S ~ (Receiver Controller) 


Receiver!! Microprocessor 
” (Receiver Controller) 


Receiver M Microprocessor 

rt' " (Receiver Controller) 


Unused Receiver Slot 


Unused Receiver Slot 


Microprocessor 

fBase Station'! 
{ Controller J 


Internal 

Memory 

Bank 


Compact 
Flash card 
Controller 
f Removable 1 
l Card J 


Ethernet 

Communication 

Module 


Power 

AC 

and 

Battery Backup 
IRIG Interface 


Fig. 1 





U.S. Patent 


Dec. 31, 2013 






13 ) Outlet 


Fig. 2 




U.S. Patent 


Dec. 31, 2013 


Sheet 3 of 5 


US 8,618,933 B2 



Fig. 3 











Fig. 5 









US 8,618,933 B2 


1 

MONITORING METHOD AND APPARATUS 
USING ASYNCHRONOUS, ONE-WAY 
TRANSMISSION FROM SENSOR TO BASE 
STATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority under 35 U.S.C 
§1 19(e) to U.S. Provisional Patent Application Ser. No. 
60/828,074 filed on Oct. 4, 2006, which are commonly 
assigned and herein incorporated by reference. 

ORIGIN OF THE INVENTION 

The invention described herein was made in the perfor- 15 
mance of work imder a NASA contract and by an employee of 
the United States Government and is subject to the provisions 
of Section 305 of the National Aeronautics and Space Act of 
1958, as amended, Public Law 85-568 (72 Stat. 435, 42 
U.S.C. §2457), and may be manufactured and used by or for 20 
the Government for governmental purposes without the pay- 
ment of any royalties thereon or therefore. 

BACKGROUND OF THE INVENTION 

25 

1. Field of the Invention 

The present invention is directed to a monitoring method 
and apparatus that uses asynchronous, one-way transmission 
from a sensor to a base station. 

2. Description of the Related Art to 

Rocket engines and related hardware undergo extensive 

propulsion testing before being accepted in service. Previous 
propulsion testing has incurred unexpected schedule delays 
and cost overruns due to untimely maintenance, repair, or 
replacement of facility valves. The serviceable conditions of 35 
test critical valves utilized in the Propulsion Test Facility at 
the Stennis Space Center are considered critical to acceptable 
performance. The significant pieces of test equipment utilized 
in propulsion testing must be closely monitored and main- 
tained in safe working order. 40 

It is considered cost prohibitive to maintain spares for 
existing valves having replacement periods of over 1 year and 
repair times of over 6 months. It is becoming increasingly 
necessary to track the life of linearly-actuated valves and 
high-geared ball valves to efficiently perform testing. Having 45 
an acceptable valve monitoring system would aid in manag- 
ing valve maintenance and failures. 

Currently, obtainable operational data available for the test 
critical valves at Stennis Space Center make any prognosis of 
the life expectancy of the valves unpredictable at best. Pre- 50 
dictions of life expectancy and failure conditions should be 
greatly improved through added valve instrumentation. How- 
ever, conventional instrumentation has been cost prohibitive 
and incapable of being mounted in the desired locations nec- 
essary to monitor all operational aspects of the test critical 55 
valves. 

As will be described in greater detail hereinafter, the 
present invention solves the problems confronting known 
valve test assemblies by monitoring the valves and creating a 
knowledge database including valve operational characteris- 60 
tics that more accurately predict valve life duration and pre- 
mature valve failure. 

SUMMARY OF THE INVENTION 

65 

An embodiment is a monitoring system, comprising: a base 
station; a first sensor separated from the base station and in 
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wireless, one-way communication with the base station; and 
a first vibration-sensitive switch for triggering the first sensor. 
The first sensor remains dormant unless triggered by the first 
vibration-sensitive switch. Upon being triggered by the first 
vibration-sensitive switch, the first sensor transmits a first 
measured quantity and a first time stamp to the base station. 

A further embodiment is a monitoring system, comprising: 
a base station; a sensor separated from the base station and in 
wireless, one-way communication with the base station; and 
a piezoelectronic laminate vibration-sensitive switch for trig- 
gering the sensor. The sensor remains dormant unless trig- 
gered by the vibration-sensitive switch. Upon being triggered 
by the vibration-sensitive switch, the sensor transmits a mea- 
sured quantity and a time stamp to the base station. The sensor 
measures at least one of a current signal, a voltage signal, a 
discrete digital signal, a single-axis magnetic field, and a 
three-axis magnetic field. 

A further embodiment is a method of monitoring a valve, 
comprising: measuring a number of cryogenic cycles of the 
valve; measuring a number of total cycles of the valve; mea- 
suring an inlet temperature of the valve; measuring an outlet 
temperature of the valve; measuring a body temperature of 
the valve; measuring a torsional strain of the valve; measuring 
a linear strain of the valve; measuring a preload position of the 
valve; measuring a total travel of the valve; measuring a total 
direction change of the valve; and predicting a valve life in 
response to at least one of the number of cryogenic cycles, the 
number of total cycles, the inlet temperature, the outlet tem- 
perature, the body temperature, the torsional strain, the linear 
bonnet strain, the preload position, the total travel, and the 
total direction change of the valve. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a typical sensor unit’s 
organizational configuration. 

FIG. 2 is a schematic diagram of typical placement of 
sensor units on high-geared ball valves. 

FIG. 3 is a schematic diagram of typical placement of 
sensor units on linearly-actuated ball valves. 

FIG. 4 is a plan drawing of the base and enclosure. 

FIG. 5 is a plan drawing of the base station. 

FIG. 6 is a plan drawing of the un-potted sensor unit. 

FIG. 7 is a plan drawing of the sensor unit and a potted 
battery pack. 

DETAILED DESCRIPTION OF THE INVENTION 

A monitoring system is disclosed, which includes a base 
station and at least one sensor unit that is separate from the 
base station. The sensor unit resides in a dormant state that 
uses no power, until it is awaked by the triggering of vibra- 
tion-sensitive switch. Once awakened, the sensor may take a 
measurement, then transmit to the base station the measure- 
ment along with a time stamp of when the measurement was 
made. The sensor may optionally store the measured quantity 
and the time stamp for a particular length of time in a suitable 
storage device, such as with compact flash memory. The 
sensor transmits the measured quantity and the time stamp to 
the base station in an asynchronous manner. The transmission 
is initiated by the vibration-sensitive switch, not by the base 
station. The time stamp is encoded in a suitable manner, such 
as with an IRIG-B timing module. Once data is transmitted 
from the sensor to the base station, the sensor may return to its 
dormant state. Transmission between the sensor and the base 
station is one-way, so that the sensor does not receive any 
information from the base station. There may be multiple 
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sensors for each base station, and the various sensors may 
optionally measure different quantities, such as current, volt- 
age, single-axis, and/or three-axis magnetic fields, that may 
correspond to physical quantities such as torsional strain, 
linear strain, temperature, ball valve cycles, and linear voltage 5 
displacement transducer signals. The sensor may optionally 
include an energy harvester, such as a solar panel, for reduc- 
ing and/or eliminating the drain on its battery. 

Some embodiments of the present invention are directed to 
a valve monitoring system that can function either as a stand- to 
alone unit or can be readily integrated into a higher-level 
health management system. In some embodiments, the moni- 
toring system can be utilized for tracking and archiving data 
that can be used in aiding failure predictions of high-geared 
ball valves and linearly actuated valves of the type utilized in 15 
propulsion testing at the Stennis Space Center. 

Alternatively, the monitoring system may be used to moni- 
tor any suitable quantity, such as the temperature in a particu- 
lar location in a building or the strain on a particular location 
on a bridge. Although the language in the remainder of this 20 
document is directed primarily toward measuring properties 
of valves, it will be understood by one of ordinary skill in the 
art that any suitable quantity may be measured, on any suit- 
able structure, without any particular limits to valves. 

The types of data that can be tracked and collected by the 25 
valve monitoring system of the present invention may 
include: cryogenic cycles, total cycles, inlet temperature, out- 
let temperature, body temperature, torsional strain, linear 
bonnet strain, preload position, total travel, and total direc- 
tional changes. The valve monitoring system is capable of 30 
real-time monitoring of the various valve assemblies whereby 
the collected data is recorded and time stamped in accordance 
with the IRIG B True Time. The monitoring system may be 
designed for use in a Class 1 Division II explosive environ- 
ment. 35 

The fundamental configuration of the valve monitoring 
system comprises a single base station and multiple sensor 
units. Each sensor unit is adapted to perform a particular 
monitoring function on a valve assembly. For example, dif- 
ferent sensor imits may be employed to measure torsional 40 
strain, linear strain, temperature, valve cycles, and valve posi- 
tion. These operational characteristics of the valve assemblies 
provide data that can be utilized to project valve failures as 
well as degraded performance. Each sensor unit is function- 
ally encapsulated to protect its functional integrity while 45 
assuring continued performance in all types of environments. 
Each sensor unit is conveniently organized to include a sensor 
controller, power regulator, at least one and preferably two 
battery packs, transmitter module, wake-up module, and sev- 
eral instrumentation modules The data generated by each 50 
sensor unit in monitoring perfonnance aspects of the valve 
assembly may be transmitted to a single base station. 

The base station may conveniently be organized to include 
a main base station controller, flash memory interface, exter- 
nal communication module, bus interface, and several 55 
receiver modules . Each receiver module has a unique address 
and is matched to a particular remote sensor unit’s transmit- 
ter. 

It is known that the number of valve cycles is directly 
correlated to valve degradation and eventual failure. A sensor 60 
unit constructed in accordance with the present invention may 
conveniently be positioned to track the total number of valve 
cycles that occur during operation of the valve assembly. 
Likewise, the number of valve cycles occurring under cryo- 
genic conditions may be tracked. The service duration for 65 
valves at cryogenic operation temperatures will differ signifi- 
cantly from the service duration at ambient temperatures. The 
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determination of cryogenic or ambient valve life may be 
predicted by correlating the inlet and outlet temperatures with 
each valve cycle. 

The monitoring system of the present invention may fur- 
ther include at least one torsional strain sensor unit. This 
torsional sensor unit must be compact enough to fit with a 
clearance of 2 by 3 by 2 inches adjacent to the ball valve shaft. 
The motion of the valve shaft necessitates the use of a wireless 
interface between the sensor unit and the base unit. The par- 
ticular monitoring system created at the Stennis Space C enter 
was further designed for use in a Class 1 Division II hydrogen 
environment per National Electrical Code Article 501 . All of 
the sensor units were potted in a hydrogen compatible mate- 
rial such as blue-epoxy flame retardant 832 FRB. 

The monitoring system includes a sensor unit designed for 
counting the cycles the ball valve undergoes while in service. 
A switch sensor unit utilizes five magnetic position switches 
for indicating the ball valve state. A temperature sensor was 
constructed to monitor the inlet and outlet temperatures uti- 
lizing cold junction referenced thermocouples. A total of four 
separate sensor units are believed to be adequate for monitor- 
ing a single high-geared ball valve. 

The monitoring system comprising the present is also 
adaptable for monitoring linearly-actuated valves. The valve 
plug seating is targeted as a significant point of failure along 
with the packing and seal breakdown. Failures may occur as 
a result of irregularities in the force during valve cycling 
which can be tracked by logging the strains on each side of the 
valve bonnet. A linear strain sensor unit is capable of moni- 
toring the axial strain on opposite sides of the valve bonnet. 
By observing irregularities in the force applied to the valve, it 
is possible to identify issues involving linear valve stroke, 
which helps denote signs of failure in the valve packing or 
seals. .Another sensor unit is capable of tracking the total 
distance of valve travel and the number of directional changes 
occurring over its duration of service. A signal sensor unit was 
designed to unobtrusively interface into the Linear Voltage 
Displacement Transducer (LVDT) signal from the internal 
servo controller. The LVDT signal provides a highly accurate 
valve position within 0.01% of the valve stroke. The inlet and 
outlet temperatures are monitored with a temperature sensor 
unit identical to the unit utilized to monitor the temperatures 
on the high-geared ball valve. The temperature sensor unit 
can also preferably be used to monitor the valve body tem- 
perature. 

The detailed discussion of a preferred embodiment of the 
valve monitoring system formed in accordance with the 
present invention is set forth in the section below entitled 
“Technical Description.” 

The basic configuration of the valve monitoring system 
includes multiple instrumentation sensor units transmitting to 
a single base station. While the preferred embodiment is 
directed to monitoring valve assemblies, the invention is not 
to be so limited. The monitoring system is readily adaptable 
to a variety of commercial applications requiring long-term 
monitoring for events associated with torsional strain, biaxial 
strain, linear strain, cryogenic temperatures, ambient tem- 
peratures, limit switches, 4-20 milliamp signals, 0-10 volt 
signals, and magnetic fields. The monitoring system accu- 
rately time stamps all collected data events and can easily be 
located for service with a Class 1, Division 2 environment. 
The Compact Flash memory module utilized in the monitor- 
ing system of the present invention may be made to the 
ARMA Design i.e., www.annanet.com. 

In some embodiments, the Compact Flash memory module 
from the ARMA Design may be replaced by a USB memory 
module. Such a USB module may be more reliable and may 
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allow better access to the collected data. The circuit may 
allow common USB memory jump drives formatted to Fatl 6 
and Fat32 file structures to be used for data storage and 
retrieval. 

Note that there may be additional sensormodulesformoni- 5 
taring a variety of vibrations, accelerations, and pressures. 

An option for the sensor is an energy harvester, which can 
gather energy from its surroundings . For instance, a particular 
energy harvester may use thermal differences, i.e. cyclical 
changes in temperature over time, to generate and/or regen- to 
erate energy, which may reduce and/or eliminate the drain on 
a battery in the sensor. Alternatively, an energy harvester may 
gather energy from vibrations (analogous to the mechanism 
in self-winding wristwatches), solar energy, and/or RF sig- 
nals that originate outside the sensor. 15 

Technical Description 

The Monitoring System Fundamental Configuration 

The valve monitoring system’s fundamental configuration 
includes a single base station and multiple sensor units. Each 
sensor unit is assembled for a particular monitoring function. 20 
The units are designed for torsional strain, linear strain, tem- 
perature, valve cycles and valve position monitoring. These 
quantities are identified to provide data on the necessary valve 
attributes that would indicate valve failures and degraded 
performance. All the sensor units are functionally encapsu- 25 
lated and the detected events are coordinated through the base 
station. The base station is organized into the main base 
station controller, flash memory interface, external commu- 
nication module, bus interface, and several receiver modules. 
Each receiver unit has a unique address and is matched up 30 
with a remote sensor unit’s transmitter. The sensor units fire 
organized into a sensor controller, power regulator, two bat- 
tery packs, transmitter module, wake-up module, and several 
instrumentation modules. The configuration is shown in FIG. 

1. 35 

The high-geared ball valves and the linearly actuated 
valves are targeted for health monitoring with this system. 
The system may be configured for other monitoring duties 
and not limited to these valve types. The placement and 
utilization of the sensors determine the quality of the systems 40 
monitoring capabilities. 

A method for detennining how much a ball valve has been 
utilized is accomplished by tracking the total number of valve 
cycles. The number of valve cycles correlated with valve 
failures provides a basis for making valve life predictions. 45 
Another consideration in predicted valve life durations is the 
number of cycles under cryogenic service. The service dura- 
tion for valves at cryogenic temperatures are typically differ- 
ent from ambient operation. The determination of cryogenic 
or ambient operation may be made by correlating the inlet and 50 
outlet temperatures with each valve cycle. The monitoring 
system is constructed with a torsional strain sensor unit. The 
unit was made small enough to be mounted on the ball valve 
shaft. The clearance necessary for this mounting location may 
be approximately 2 by 3 by 3 inches. The motion of the shaft 55 
making wiring the sensor unit difficult, and it may be prefer- 
able to use a wireless interface. The monitoring system is 
designed for use in a Class I Division II hydrogen environ- 
ment per National Electrical Code Article 501 . All the units 
may be potted in a hydrogen compatible material . The potting 60 
material used may be blue-epoxy flame retardant 832 FRB, 
which is commercially available from M.G. Chemicals. A 
sensor unit is designed for counting the cycles of the ball 
valve. The switch sensor unit uses five magnetic position 
switches for indicating the ball valve state. A sensor unit, 65 
including the temperature unit, is constructed to monitor the 
inlet and outlet temperatures utilizing cold junction refer- 
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enced thermocouples. A total of four sensor units are 
adequate for monitoring a single high-geared ball valve. The 
typical sensor unit mounting locations on high-geared ball 
valves are shown in FIG. 2. 

The monitoring system is designed to also observe lin- 
early-actuated valves. The valve plug seating is targeted as a 
significant point of failure along with packing and seal break- 
down. Irregularities in the force during valve cycling may be 
determined by logging the strains on each side of the valve 
bonnet. A linear strain sensor unit is developed for monitoring 
the axial strain on the sides of the valve bonnet. Observing 
irregularities in this force may indicate issues involving the 
linear valve stroke, which may help denote signs of failure in 
the valve packing or seals . Another sensor unit is designed for 
tracking the total distance of valve travel and number of 
directional changes over its duration of service. The signal 
sensor unit is designed to unobtrusively interface into the 
Linear Voltage Displacement Transducer (LVDT) signal from 
the internal servo controller. The LVDT signal provides a 
highly accurate valve position within 0.01% of the valve 
stroke. The inlet and outlet temperatures are monitored with a 
temperature sensor unit identical to the one used to monitor 
temperatures on the high-geared ball valve. The temperature 
sensor unit may also be used to monitor the valve body 
temperatures. The typical sensor unit mounting locations on 
linearly-actuated valves are shown in FIG. 3. 

The Monitoring System Base 

The foundations of the units are microprocessor controller 
circuits which utilize the PIC1 6F877A microprocessor, com- 
mercially available from Microchip Technology Incorpo- 
rated. This circuit was designed for a dual-use function as 
either the receiver module within the base station or the sen- 
sor unit microprocessor controller. The function is deter- 
mined by the way the integrated circuit board is populated. It 
contains an oscillator for a 4 megahertz processor speed and 
another 32.768 kilohertz oscillator for a precision clock. It 
has a human interface switch and a light emitting diode indi- 
cator for performing setap processes and checking battery 
life. An embedded magnetic reed switch is utilized to reduce 
or eliminate any arcing from switch contact closure. The 
circuit also has a reboot switch when used as a receiver 
module. 

The TMP36GS temperature component is positioned near 
the microprocessor for safeguard against operation outside 
the processor’s temperature limitations. It reads the operation 
temperature within one degree Celsius. It is also positioned 
directly beneath the battery packs to avoid heating the battery 
packs beyond the hydrogen explosive limits. The battery 
packs are not utilized in the receiver module configuration, 
but the operation temperatures are still monitored for the 
processor. This internal temperature monitoring component 
is put into shut-down mode when the sensor unit is in sleep 
mode to help conserve battery life. 

The Linx HP3 transmitter model TXM-900-HP3-PPS is 
employed in this circuit when configured as the sensor unit. 
The Linx HP3 receiver model REX-900-HP3-PPS4 is 
employed when configured as the receiver module. These 
provide low-power 902-928 MHz band digital transmissions 
which meet Federal Communication Commissions require- 
ments. The transmission power is set to limit transmissions to 
a 35-foot radius for preserving data security. Each receiver/ 
transmitter pair is set to a unique address. The addressing 
scheme implemented provides eight unique addresses. This 
restricts each monitoring system to eight sensor units. This is 
ample for monitoring a single valve, but provisions for 
enabling over two hundred unique addresses are in place for 
future implementation. 
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The microprocessor controller circuit also contains several 
connections for interfacing to the other sensor unit circuitry. 
In addition to this, an on-board programming and serial com- 
munication interface port header and a communication bus 
interface header are enclosed within this circuit. The base 
station’s bus allows a varying number of receiver units to be 
connected. Each receiver unit has a unique address and is 
matched up with a remote sensor unit. 

The Monitoring System Sensor Units 

The microprocessor, regulator, transmitter, and internal 
temperature circuitry are common to all the sensor units. The 
piezoelectric wake-up circuitry may only appear in the strain 
sensor units. The sensor units are constructed in a manner to 
minimize modifications for implementing different instru- 
mentation types. However, each instrumentation sensor type 
requires a unique instrumentation circuit. This is accom- 
plished by using a uniform interface for instrumentation cir- 
cuit boards of all desired types. The only modifications 
required in the other sensor circuitry are setting the transmit- 
ter address, routing of the secondary regulator, and insertion 
of the wake-up circuit. This allows for developing new instru- 
mentation monitoring types by developing a new instrumen- 
tation circuit board and eliminating redevelopment of other 
components. 

The sensor unit’s wake-up circuitry uses a laminated 
piezoelectric sheet for highly sensitive vibration detection. 
The sensitivity is adjustable prior to potting the sensor unit. 
An LDT series vibration detector, commercially available 
from The Measurement Specialties Inc., is used to detect any 
valve movements. The piezoelectric laminate produces a 
voltage capable of waking the microprocessor from sleep 
mode without any power required from the sensor unit’s 
batteries. This allows the sensor unit to remain in sleep mode 
with small power consumption and continuously monitor a 
valve for any events which would require its other instrumen- 
tation. This may help extend the sensor units battery life. 

The sensor unit’ s power regulator circuitry takes advantage 
of the features provided by the dual input smart battery 
backup regulator, commercially available from Linear Tech- 
nology. Two of the devices are used to deliver power from 
four batteries. Both regulators can supply power to the entire 
sensor unit for extended battery operation durations while 
maintaining a seamless transfer of supplied power from each 
battery. When necessary, one can be routed to instrumentation 
providing excellent isolation for precision instrumentation 
and noise reduction. The regulator has a power down feature 
to reduce the power consumption when it is not needed. The 
regulator also is capable of monitoring the state of the batter- 
ies. This allows the microprocessor to appropriately manage 
power utilization. During the update phase of the micropro- 
cessor, the battery levels are tested. If a low state is encoun- 
tered a data event is transmitted to the base stations indicating 
required maintenance. 

The temperature sensor imit utilizes a cold junction refer- 
enced thermocouple instrumentation circuit. The circuit uses 
a monolithic thermocouple amplifier chip with cold junction 
compensation pre-trimmed for K Type thennocouples, com- 
mercially available from Analog Devices. The temperature 
sensor unit reads in two K Type thermocouples. The micro- 
processor reads in an analog signal from the thermocouple 
and converts it to degrees Fahrenheit. A table lookup algo- 
rithm is implemented to obtain an accuracy of plus or minus 
one degree Fahrenheit. The Omega Engineering, Inc.’s, K 
Type thermocouple conversion tables are utilized in the table 
lookup algorithm. The unit is capable of reading temperatures 
from -454 Fahrenheit to +315 Fahrenheit. The unit can also 
be point calibrated to a specific thermocouple through the 
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on-board programmer interface header. The unit is pre-pro- 
grammed to read a temperature every 16 seconds, and can be 
adjusted as desired. Once the conversion is completed, a data 
event is transmitted to the base station containing the tem- 
5 perature and time stamp. 

The strain instrumentation circuit is use to monitor axial, 
biaxial and torsional strain types. Each strain instrumentation 
sensor unit can read two strain types. The placement of pre- 
cision resistors in the circuit denotes the circuit as a full, half, 
to or quarter bridge foil strain gage configuration. The quarter 
bridge configuration monitors the single axial bonnet strain 
for the linear actuated valve. The CEA-09-125UN-350 foil 
strain gage, commercially available from Vishay, is used in a 
quarter bridge configuration. The half bridge configuration 
15 monitors the same single axial bonnet strain but offers tem- 
perature compensation. Hie SK-09-060WT-350 foil strain 
gage, commercially available from Vishay, is used in a half 
bridge configuration. This configuration may be superior 
when only a single axial strain can be produced but, if any 
20 biaxial strains are expected, the quarter bridge configuration 
may be used. A four micro strain resolution is obtainable from 
the quarter and half bridge configurations. The full bridge 
configuration monitors the torsional strain in the high-geared 
ball valve. The CEA-09-250US-350 foil strain gage, com- 
25 mercially available from Vishay, is used in a full bridge con- 
figuration. A four micro strain resolution is obtainable from 
the full bridge configurations. The typical ball valve requiring 
health monitoring uses a 2 inch solid 304 stainless rod. A 50 
ft/lb torsional force on such a steel rod may be accurately 
30 detectable. 

A simple magnetic reed limit switch instrumentation cir- 
cuit is used fortracking the number of valve cycles performed 
on a high-geared ball valve. The limit switch instrumentation 
circuit can monitor six switches with the ability to wake the 
35 sensor unit up on two switches. The determination of valve 
cycles performed under cryogenic temperatures is accom- 
plished by the base station correlating a valve cycle event with 
the inlet and outlet temperature. The base station keeps up 
with totals and generates the proper data log entry. 

40 The signal circuit is designed to unobtrusively interface 
into the Linear Voltage Differential Transformer (LVDT) sig- 
nal from the valve’s internal servo controller. It enables the 
sensor unit to read a 4-20 milliamp signal or a 0-10 volt DC 
signal for reading the valve position signal. A highly sensitive 
45 magnetic sensor reads the milliamp signal by monitoring the 
magnetic fields produced from the current loop. The sensors 
used are Giant Magnetoresistance AA series analog sensors, 
commercially available from Nonvolatile Electronics incor- 
porated. The voltage signal reads the level by use of a voltage 
50 follower circuit. Utilizing these methods helps ensure that 
failures in the monitoring unit may not affect the operation of 
the valve. The LVDT signal provides a highly accurate valve 
position within 0.01% of the valve stroke. Monitoring the 
position changes denotes the total distance of valve travel and 
55 the number of directional changes. The monitoring system 
logs the accumulated distance traveled and total number of 
directional changes after each position’s resultant travel. The 
fully closed valve position applies a predefined amount of 
load against the valve seat. This is referred to as the valve 
60 preload . As the valve seat incurs wear the valve close position 
slightly changes, reducing the preload. The valve position is 
monitored for any change in the close position and generates 
a data event when necessary. 

Additional Attributes 

65 The valve monitoring system may be able to meet other 
critical criteria to be applicable to field operation. The sensor 
units may be very power conservative to make them main- 
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tainable. The battery packs may last for several weeks, unlike 
data logging systems on the market, which typically last only 
a few days. The sensor units are believed to last 4 to 5 weeks. 
The largest power consuming portion is the wireless trans- 
mission device. It may be powered down for the majority of 
operation time. This means a receiver on the sensor unit is not 
an option. A one-way communication protocol may be imple- 
mented. This makes time synchronization difficult to achieve. 
The sensor unit and base station receiver unit both have accu- 
rate oscillators which can keep time within a quarter of a 
millisecond for over 5 weeks. 

The sensor unit transmits its time once a day to the base 
station. It only needs to perform one transmission in order to 
maintain accurate time synchronization. The base station 
keeps the previous day’s time synchronization if a transmis- 
sion error occurs or no transmission is made. If such an event 
occurs, an entry into the data log is made in order to identify 
any data corruption due to time stamping. The monitoring 
system has 35 days to perform a good data synchronization 
link-up before any time accuracy is at risk. The base station 
has an IRIG-B timing module which provides a digital signal 
to all the base station receiver units. These units synchronize 
the sensor unit’s time to the IRIG time. When a data event 
occurs, the sensor unit transmits the event and its time accord- 
ing to an internal clock. Redundant transmissions are per- 
formed to avoid data transmission errors. The base station 
receiver unit converts the sensor time to IRIG time. The data 
event is then passed to the base station’ s main microprocessor 
which correlates any other applicable data such as inlet tem- 
perature. The refined event log is then stored in a text string on 
a removable flash memory card and broadcasted on an Eth- 
ernet network. The flash memory access units are made with 
a Compact Flash Development Kit, commercially available 
from ARMA Design Inc. The microprocessor aboard the 
Compact Flash board is used as the base station’s main con- 
troller. The data broadcasting is performed by an off-the-shelf 
Ethernet embedded controller unit called an 1-7 1 88E Module, 
commercially available from ICS DataCom. The implemen- 
tation of other network communication transmissions can be 
accomplished by using the desired communication module. 

The description of the invention and its applications as set 
forth herein is illustrative and is not intended to limit the scope 
of the invention. Variations and modifications of the embodi- 
ments disclosed herein are possible, and practical alternatives 
to and equivalents of the various elements of the embodi- 
ments would be understood to those of ordinary skill in the art 
upon study of this patent document. These and other varia- 
tions and modifications of the embodiments disclosed herein 
may be made without departing from the scope and spirit of 
the invention. 

We claim: 

1. A monitoring system, comprising: 

a base station; 

a first sensor separated from the base station and in wire- 
less, one-way co mmu nication with the base station, and 
comprising a microprocessor, a transmitter, and a bat- 
tery; and 

a first vibration-sensitive switch configured to consume no 
stored power from the battery and to generate a trigger, 
the trigger being defined as a voltage created by the first 
vibration-sensitive switch; 

wherein the first sensor remains in a dormant state until the 
first vibration-sensitive switch generates the trigger, the 
dormant state being defined as the microprocessor draw- 
ing no stored power from the battery; and 

wherein upon the microprocessor being directly powered 
by the trigger of the first vibration-sensitive switch, the 
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transmitter of the first sensor transmits a first measured 
quantity and a first time stamp to the base station. 

2 . The monitoring system of claim 1 , wherein the first 
vibration-sensitive switch is a piezoelectronic laminate. 

5 3 . The monitoring system of claim 1 , wherein the base 

station records the first measured quantity and the first time 
stamp, and wherein the first time stamp corresponds to the 
time at which the first measured quantity is measured. 

4 . The monitoring system of claim 1 , wherein after trans- 
to mitting the first measured quantity and the first time stamp to 

the base station, the first sensor returns to the dormant state. 

5 . The monitoring system of claim 1 , wherein the first 
vibration-sensitive switch is separate from the first sensor. 

6. The monitoring system of claim 1, wherein the first 
15 vibration-sensitive switch is integral with the first sensor. 

7 . The monitoring system of claim 1 , wherein the first 
sensor transmits along a line of sight within a radius of 250 
feet. 

8. The monitoring system of claim 1, wherein the first 
20 sensor transmits along a line of sight within a radius of 35 feet. 

9 . The monitoring system of claim 1 , wherein the time 
stamp is encoded with an IRIG-B timing module. 

10. The monitoring system of claim 1, wherein the first 
sensor fits within a clearance of 2 by 3 by 2 inches. 

25 11 . The monitoring system of claim 1 , wherein the first 

measured quantity is a current signal. 

12 . The monitoring system of claim 1 , wherein the first 
measured quantity is a voltage signal. 

13 . The monitoring system of claim 1 , wherein the first 
30 measured quantity is a discrete digital signal. 

14 . The monitoring system of claim 1 , wherein the first 
measured quantity is a single-axis magnetic field. 

15 . The monitoring system of claim 1 , wherein the first 
measured quantity is a three-axis magnetic field. 

35 16 . The monitoring system of claim 1 , wherein the first 

sensor includes a regulator. 

17 . The monitoring system of claim 1 , further comprising: 
a second sensor separated from the base station and in 

wireless, one-way communication with the base station, 
40 and comprising a second microprocessor, a second 
transmitter, and a second battery; and 
a second vibration-sensitive switch configured to consume 
no stored power from the second battery and to generate 
a second trigger, the second trigger being defined as a 
45 voltage created by the second vibration-sensitive switch; 

wherein the second sensor remains in a second dormant 
state until the second vibration- sensitive switch gener- 
ates the second trigger, the second dormant state being 
defined as the second microprocessor and the second 
50 transmitter drawing no stored power from the second 
battery; and 

wherein upon the microprocessor being directly powered 
by the triggered of the second vibration-sensitive switch, 
the transmitter of the second sensor draws stored power 
55 from the battery and transmits a second measured quan- 

tity and a second time stamp to the base station. 

18 . The monitoring system of claim 17 , wherein the base 
station includes a first microprocessor and a first receiver for 
the first sensor, and a second microprocessor and a second 

60 receiver for the second sensor. 

19 . The monitoring system of claim 1 , wherein the first 
sensor further includes an energy harvester. 

20 . A monitoring system, comprising: 
a base station; 

65 a sensor separated from the base station and in wireless, 
one-way co mmu nication with the base station, and com- 
prising a microprocessor; and 
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a piezoelectronic laminate vibration-sensitive switch con- 
figured to generate a trigger, the trigger being defined as 
a voltage created by the piezoelectronic laminate vibra- 
tion-sensitive switch; 

wherein the sensor remains in a dormant state until the 5 
piezoelectronic laminate vibration-sensitive switch gen- 
erates the trigger, the dormant state being defined as the 
microprocessor drawing no supply current; 
wherein upon the microprocessor being directly powered 
by the trigger of the piezoelectronic laminate vibration- to 
sensitive switch, the sensor transmits a measured quan- 
tity and a time stamp to the base station; and 
wherein the sensor measures at least one of a current signal, 
a voltage signal, a discrete digital signal, a single-axis 
magnetic field, and a three-axis magnetic field. 15 



